First reported in 1999,^[@ref1]^ the chiral induced spin selectivity (CISS) effect refers to the preferential transmission (or transfer) of electrons with one spin orientation over the other through chiral molecules and materials.^[@ref2]^ A wide range of experimental observations, using various techniques, have examined CISS; however, consensus on a theoretical description is lacking. Although theoretical treatments of the phenomenon exist, quantitative comparisons with experiment remain elusive and no single viewpoint has emerged. The main discrepancy between the calculations and the experimental results lies in the magnitude of the spin polarization *P*, which may be defined as for which *I*~*α*~ and *I*~*β*~ are the experimental measurables (e.g., current, rate constant, etc.) for spin pointing parallel or antiparallel to the electron's velocity. While spin polarization exceeding 80% is known experimentally,^[@ref3]^ most models and calculations produce polarizations of only a few percent, when averaged over the experimental energy window.

Chiral molecules remain the focus of intensive research in chemistry, mostly driven by pharmaceutical applications. Recent experiments are revealing that CISS, which couples the electron spin direction to the molecular frame, imparts enantiospecificity to chemical reactions^[@ref4]^ and to adsorption on ferromagnetic surfaces.^[@ref5]−[@ref7]^ While spin selection rules are well-appreciated in reaction dynamics, and must be considered for molecules with unpaired electrons or electrons that are not paired within a state, the spin direction is not defined in the molecular reference frame. Rather, the direction of the electron's spin is defined in terms of the relative orientation of the spins of two or more electrons (doublet, triplet, etc.), or by the electron spin alignment relative to an external magnetic field. Thus, spin selection rules are often not explicitly considered in chemical reactions between molecules and between a molecule and a surface (with the notable exception of photochemistry), despite the large energy associated with the relative alignment of two spins, as in singlet--triplet splitting. For chiral molecules, CISS and the consequent coupling of the electron spin to a molecule's chiral axis generate a preferred electron spin direction in the molecular frame. In this way, spin selection rules can become an important consideration for chemical transformations that involve chiral species. By using magnetized, ferromagnetic substrates, it is possible to generate enantiospecific molecule--substrate interactions and guide reaction outcomes.

A number of recent reviews related to the CISS effect are available.^[@ref8],[@ref9]^ Most CISS-related experiments have been performed with molecules adsorbed to surfaces,^[@ref10]^ which relates the spin direction to the laboratory frame that is defined by the substrate's surface normal and/or magnetization direction. In this Perspective, we discuss recent experiments that supply a new viewpoint about the electronic and magnetic properties associated with surface-immobilized chiral molecules and their charge and spin transfer (and transport). We also discuss how CISS allows one to distinguish chiral molecules on a ferromagnetic surface, by changing the magnetization of the surface using current or an external magnetic field. We also discuss some recent theoretical approaches, which may explain the large spin polarizations observed in experiments.

Exciting new experimental results involving the CISS effect continue to be reported. For example, experiments with chiral molecules have revealed spin polarizations as large as 85%, a ratio of about 1:12 between the two spins, at room temperature.^[@ref3]^ For the first time, the CISS effect has been reported to manifest as an enantiospecific response in solid-state cross-polarization nuclear magnetic resonance experiments^[@ref11]^ and in the spin-polarized electrons found in electron paramagnetic resonance (EPR) studies of electrochemical reactions.^[@ref12]^ Workers are also demonstrating molecular device concepts; for example, a light-induced molecular configuration change was used to switch electron spin polarizations, realizing a light-triggered, molecular spin valve.^[@ref13]^ More chemistry-centric are reports that chemisorption^[@ref6]^ of chiral molecules on ferromagnets is enantiospecific and that redox reactions at magnetized electrodes are enantiospecific.^[@ref4]^ Rather than providing an analysis of these and other important demonstrations of CISS and its implications, the discussion below focuses on a subset of experiments that provide insights into the mechanism of CISS.

While numerous earlier experiments bear on the CISS mechanism (see discussion in ref ([@ref14])), we identify six experiments since 2017 that have important implications for understanding the mechanism of CISS:STM-break junction experiments^[@ref15]^ with peptide molecules and earlier conducting probe measurements with DNA molecules^[@ref16]^ demonstrate that spin-selective transport manifests for individual (or a few) chiral molecules; that is, it does not require a monolayer film.Spin polarization has been reported for long-range electron transport, i.e., through 50 nm chiral perovskite films.^[@ref17]^ While it is not known if the spin transfer occurs by tunneling, resonances, or by hopping, it is clear that spin information can be transported over long distances.The magnitude of the spin polarization correlates with the strength of a material's chiro-optical response for electron transfer reactions with quantum dots,^[@ref18]^ for the catalytic activity in water splitting,^[@ref19]^ and for supramolecular fibers,^[@ref3]^ suggesting that CD spectra may prove useful as a "predictor" of CISS response.Kumar et al.^[@ref20]^ used Hall effect measurements to show that spin polarization accompanies charge polarization in monolayer films of chiral molecules. Addition of achiral polarizable units on the molecules, or electrical gate, was later shown to enhance the spin polarization in such films.^[@ref21],[@ref22]^ Thus, the spin polarization can be generated within molecules, and no net electron transfer or transport is required.Using Kelvin probe measurements of ferromagnet/chiral molecule interfaces, Ghosh et al.^[@ref23]^ showed that the tunneling length of the electron spin wave function into chiral monolayer films is enantiospecific (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In related work, Ziv et al. showed that the interaction force between chiral molecules and a ferromagnetic substrate depends on the spin alignment in the ferromagnet.^[@ref24]^ Together these studies indicate that spin exchange interactions and Pauli exclusion are key features for CISS.Adsorption of chiral molecules on a ferromagnetic substrate is enantiospecific, depending on the enantiomeric form of the molecule and the magnetization state of the substrate. This feature of CISS was demonstrated through switching of the ferromagnetic state of ultrathin magnetic films with chiral molecule chemisorption,^[@ref25]^ conversion of superparamagnetic nanoparticle assemblies to ferromagnetic assemblies with chiral monolayer films,^[@ref26]^ and chiral molecule separations with magnetized surfaces.^[@ref6]^

![(A) Schematic for the Kelvin probe microscopy experiment, in which the distance of an AFM tip from a SAM-coated ferromagnetic surface is varied sinusoidally, and its lateral position is scanned to image the substrate's potential distribution. The diagram in panel B illustrates the idea that charge polarization is accompanied by spin polarization for chiral molecules. For a given enantiomer the interaction between the magnetized surface and the molecule follows either a low-spin (i) or a high-spin (ii) potential, depending on the direction of magnetization of the substrate. The bottom three panels show the contact potential (CPD) distributions for three different SAM-coated ferromagnetic substrates under two different magnetizations: the D-AL5 peptide (C), an achiral SAM (D) and an L-AL5 peptide (E). The blue color shows the CPD for a south magnetization, and red shows the CPD for a north magnetization. The zero voltage is set by the averaged contact potential difference found in the two measurements. Adapted from ref ([@ref23]). Copyright 2020 American Chemical Society.](jz0c00474_0001){#fig1}

The processes probed in these various experiments are all dynamic; namely, they relate to transient charge (and spin) polarization in the chiral molecules ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Moreover, the decay of the dynamical spin state is expected to be dissipative. In all cases the enantiospecificity manifests at ambient temperatures, which implies that the activation energy and/or tunneling energy differences are ≳*kT*.

In addition, it is important to note the nonlinear character of the spin polarization measured in current--voltage curves for chiral molecules.^[@ref27],[@ref28]^ While evident in many of the pre-2017 studies this experimental signature has not been emphasized. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} presents current versus voltage curves obtained for an oligopeptide using the conducting magnetic AFM configuration.^[@ref27]^ Panel A shows the current--voltage data on a linear scale for two different magnetization directions, and panel B plots the same data as a log--log plot. It is important to note that the spin-dependent current starts at a different voltage for the two spins, the current near zero voltage is within the noise of the experimental system, and the slope of the log *I* vs log *V* reaches values of up to 3. These data show that the spin-polarization in the current changes very strongly with bias near zero and continues to change, albeit more weakly, at higher applied biases. This rich behavior indicates a need to better describe the substrate--molecule electronic structure and the electronic spin subbands of the metal--molecule interface.

![Top: The contact magnetic AFM setup. (A) Current (*I*) versus potential (*V*) applied on a oligopeptide, HSCH~2~CH~2~CO-([l]{.smallcaps}-Ala-Aib)~4~--COOH, using the conductive magnetic AFM setup. (B) Positive component of the curve shown in panel A, but presented on a log--log scale. (C) Absolute spin polarization as a function of the applied potential. Maximum spin polarization of 75% and 55% were observed at −0.4 V and +0.2 V, respectively.](jz0c00474_0002){#fig2}

The body of experiments performed by various research groups leads to the following observations about the spin-filtering and spin polarization properties (CISS properties) of chiral molecules:1.The spin polarization for current flowing through chiral molecules can reach very high values of 85% and more at room temperature.2.Polarization of the spin current through chiral molecules depends nonlinearly on the voltage, and the spin information can be transported over many tens of nanometers---perhaps even longer.3.When a potential is applied on chiral molecules, spin polarization accompanies the charge polarization. This polarization can result in strong spin exchange interactions (∼50 meV), with other chiral molecules or a magnetic substrate.^[@ref24]^4.The magnitude and sign of a molecule's CISS property correlates with the strength of the molecule's chiro-optical response. It is important to appreciate that the chiral optical response is of course wavelength-dependent; so far the lowest-energy circular dichroism peak or bisignate spectral feature have been used.

In addition to these features, which should be captured by quantitatively accurate models of CISS, the importance of the surface--molecule interface should be included, particularly for ferromagnetic surfaces.

The role of the substrate and its spin--orbit coupling (SOC) in the CISS effect was considered previously in a theoretical treatment;^[@ref29]^ however, photoemission experiments with nonmagnetic substrates possessing different SOC strengths display similar spin-filtering efficiencies.^[@ref30]^ The experimental findings for chiral molecules on ferromagnetic surfaces, however, imply that the substrate properties are important for accurately describing the behavior. The Kelvin probe and AFM studies on ferromagnetic surfaces point to a spin dependence of the electron density delocalization into chiral molecules from the substrate, even though no net current is flowing.^[@ref23]^ More generally, the experiments described above imply that the spin-dependent exchange interaction is important in determining the enantiospecific interaction of chiral molecules with ferromagnetic substrates. This feature of chiral molecule interfaces is similar to recent developments in organic spintronics that assign strong spin polarization (and spin filtering) to the spin-dependent electronic rearrangements of the molecule--ferromagnet interface (*spinterface*), even without chirality.^[@ref31]^ A combination of the spin-filtering that arises from the electronic rearrangements associated with chemisorption on ferromagnetic films, which generate the spin filtering of the spinterface, and the CISS effect in the chiral adsorbed molecules may cooperate to generate large spin filtering ratios.

As early as 1990, the interaction of chiral molecules, in the gas phase, with spin polarized unbound electrons was treated theoretically.^[@ref32]^ However, many of the theoretical works that treat spin-filtering of electrons conducted through chiral molecules follow the approach that is used to treat the electrical conductance of molecules. Namely, one calculates the molecular electronic states (with or without including the contacts) and then one calculates the electron transmission through this system for a given electrical potential difference between the two sides of the molecule. Through this approach, useful concepts have been established, and the effects of spin filtering by a chiral potential become manifest;^[@ref33]−[@ref36]^ however, these treatments predict, in most cases, magnitudes for the spin polarization/spin-filtering that are much smaller than what is reported experimentally. This approximation assumes that the electric field falling on the molecule is small compared to the internal electric fields experienced by the valence electrons and that the spin selectivity in the transmission arises from spin--orbit coupling term(s) introduced in the molecular Hamiltonian.

It is well-known that the spin--orbit coupling (SOC) in a hydrocarbon is very small, on the order of microelectronvolts.^[@ref37]^ For a curved molecule however, the SOC increases because of the overlap of the *p* orbitals on the atoms and it reaches values comparable to the SOC in the carbon atom, about 5--10 meV.^[@ref38],[@ref39]^ Most of the theoretical works overcome the small spin polarizations found in the models by adjusting the magnitude of the SOC.^[@ref40]^ However, SOCs on the order of 10 meV generate spin polarizations of only a few percent when considering a wide energy range.

Other approaches to enhance the magnitude of the spin polarization have been tried as well. Early work by Mujica and co-workers^[@ref34]^ considered constructive interference from multiple scattering as a mechanism that could enhance spin-filtering through longer helices. More recently, Michaeli and Naaman suggested that the electric field applied on the molecule enhances the spin polarization for tunneling processes occurring through a barrier created by the electric field.^[@ref33],[@ref41]^ While these models qualitatively predict the experimental spin polarization, their range of applicability is much smaller than what is found in experiment. Thus, some feature(s) of the CISS effect in the molecule is not captured by these treatments and new approaches are needed.

In recent theoretical work,^[@ref33]^ one possible solution for the issue of small spin--orbit coupling was provided for a helical chain of atoms. In this treatment, the spin--orbit coupling on each atom in the chiral molecule is given by *λLσ*, where λ is the spin--orbit coupling observed for carbon atoms (5 meV), *L* the angular momentum, and σ the Pauli spin matrix. The total spin--orbit coupling of the chiral molecules is then expressed as the vector sum of the atomic terms:so that the SOC for the chiral chain can be significantly larger (order-of-magnitude) than the atomic value. This SOC, along with accidental degeneracies (curve crossings) that appear in the spectrum of chiral molecules, yields a sizable spin polarization. Although quantitative comparisons are not available, this sort of description may account for the large spin polarization seen in transport and in photoemission experiments. The approaches described above are one-electron (orbital) models, whereas CISS may require a many-body description. Recent treatments along these lines are beginning to appear.^[@ref42]−[@ref44]^

Here we sketch another possible mechanism, which is based on a spin blockade idea. First, consider a process for generating a spin polarization in a chiral molecule. When an electric field (or gradient in electrochemical potential) is applied across a molecule, or a monolayer of molecules, charge polarization occurs. This charge displacement current generates opposite spin polarizations at the negative and the positive electric poles of the molecule; which spin density exists in excess on the pole with electron density excess depends on the molecule's handedness.^[@ref20]^ It is important to appreciate that the total spin of the molecule is still zero because of the total spin conservation. The spin polarization is a transient local property; namely, it means that in the molecule there are sites in which the net spin density is not zero. However, the sum over all those sites results in net zero spin. For chiral molecules with a relatively small SOC of about 5 meV, a spin polarization, *ΔP*(*V*), of a few percent accompanies this charge polarization. Please note that the spin polarization will depend on the electric field applied on the molecule (hence on the voltage applied), because it requires charge polarization which is field-dependent.

Now we consider how a molecule's small spin polarization causes strong spin filtering. As an electron moves from a donor (or negatively biased electrode) into the chiral molecule it can have, in principle, two possible spin orientations with regard to its velocity. Because of the spin polarization at the chiral molecule's site near the donor/electrode, a difference in energy, *ΔeV*, is associated with the injection into the molecule of one spin over the other. We make the ansatz that this difference in energy isin which *E*~ST~ is the energy gap between the singlet and triplet states of the molecule. To motivate this choice, consider a "thought experiment" in which a molecular radical is being reduced by an incident electron. For a chiral molecule, the unpaired electron has a preferred spin direction in the molecular frame. Depending on the relative orientation of the reducing electron's spin and that of the molecular radical, a molecular anion can form in either a singlet state or a triplet state, as a result of the Pauli exclusion principle. In this way, the spin constraints applied in this thought experiment/reaction result in large energy differences for the two possible reactions (singlet--triplet splitting energy *E*~ST~). In many spin-filtering measurements, the excess electron is transiting through the molecule and the molecule's spin polarization is not 100%. In [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the factor *ΔP* scales the energy splitting to account for the imperfect degree of spin polarization.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} presents a scheme of the model. Upon applying an electric field on the chiral molecule, either by two leads or by having contacts with different electrochemical potentials at the two sides (represented by the displaced yellow lines), charge moves in response to the field (excess charge indicated by q+ and q-- near the helical coil, which represents the molecule). The charge distribution, following the application of the applied voltage, is presented by the green and purple wave-like curves. Because of the chiral molecule's SOC, the charge reorganization is spin-dependent. Hence, each curve represents a different spin alignment, spin aligned parallel (green) or antiparallel (purple) relative to the electron displacement direction. The dotted line represents the field inside the molecule, assuming that the molecule has a very low dielectric constant. For a SOC of a few millielectronvolts, the charge reorganization generates a spin polarization, *ΔP*, of a few percent.

![Scheme describing the mechanism of the CISS effect in terms of a small spin polarization, *ΔP*, that arises from the SOC. This small spin polarization causes a spin blockade, because of the Pauli principle, that is proportional to the singlet--triplet energy gap, *E*~ST~, in the molecule. The purple and green curves represent the charge distribution occurring upon applying the field across the molecule, for electrons with spin aligned parallel (green) or antiparallel (purple) to their velocities. The molecule is presented schematically as a coil. The yellow lines indicate the Fermi energy at each electrode, and the dotted line shows the electric field across the molecule, assuming a molecule with a very low dielectric constant.](jz0c00474_0003){#fig3}

Simultaneously with the charge reorganization and because of the formation of a positively charged pole in the molecule, electron density from the electrode/donor is transferred into the molecule. However, the energy barrier for the electron injection depends on the electron's spin direction; this difference is given by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. Assuming a barrier for the tunneling of the "favorable spin" through the molecule of *E*~tun~, the unfavorable spin will have a barrier of *E*~tun~ + *ΔeV*. Given that the typical energy splitting between singlet and triplet states in hydrocarbons is on the order of 1 eV,^[@ref45]^ a spin polarization of 3.6% yields an energy splitting of *ΔeV* = 36 meV. Because *ΔeV* depends on the applied voltage, so does the tunneling through the barrier, and the current will depend nonlinearly on the applied voltage. If the injection barrier for the unfavorable electron differs by 36 meV, then the ratio between the current of the two spins will be about 1:4, a spin polarization of approximately 60%. If the singlet--triplet energy difference is larger or the initial spin polarization on the formation of the dipole is higher, then a higher spin polarization can be observed in the CISS effect. It is important to appreciate that if the difference in the injection energy threshold (*ΔeV*) is large, than the spin selectivity will be high when the voltage applied is above the injection energy threshold, but then with increasing voltage the selectivity will decay somewhat because the injection energy is much above the barrier for both spins. This behavior is consistent with the observation in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The mechanism proposed here is reminiscent of a "spin blockade"^[@ref46]^ that restricts the spin injection from the substrate to the molecule. It may account for the large spin selectivity observed in CISS and the large transient spin-state lifetimes, despite a modest spin--orbit coupling in the chiral molecule.

For chiral molecules, magnetic conducting AFM measurements of various molecules show large spin selectivity with energy gaps between spin states in the range of 50--150 meV.^[@ref28]^ The model just presented ascribes this gap to a spin-blockade induced by exchange interactions with the magnetic substrate. It is important to note that the spin blockade is not an equilibrium effect and will decay with time as discussed by Barron.^[@ref47]^ These ideas could be tested by dynamic spin transport calculations that introduce the system in a realistic way.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and ref ([@ref48]) provide examples of experimental conductance data revealing that the spin-dependent conduction through a chiral molecule depends in a nonlinear way on the electric field acting on the molecule. This seems to be a general phenomenon in conduction through organic molecules, because typically the screening length of the field exceeds the size of the molecule, and therefore, the field causes a Stark effect that moves the energy level(s) of the molecule. Even small biases of 1 V across a nanometer generate significant fields, and for ferromagnet--molecule surfaces these effects are spin-dependent. Thus, the electronic state distribution relevant for electron tunneling through chiral molecules is voltage (and spin) dependent. This nonlinearity enables the measurements of spin-dependent transport measurements through molecules, even in two contact configurations.^[@ref49]−[@ref51]^

The experiments show that the CISS effect in a molecule correlates with its optical activity and its electronic polarizability. The explicit relation between polarizability, optical activity, and the magnitude of the CISS effect should be explored theoretically. If well founded, it could provide a way to screen and predict the magnitude of the spin polarization of a molecule based on its chiro-optical response.

The exchange interactions that give rise to the spin-selectivity on a magnetic substrate and between oriented chiral molecules need to be modeled and better understood. Given that experimental results are now available on CISS for transport over tens of nanometers, one should consider that CISS might manifest in the very long-range electron transfer observed in some bacteria and in artificial systems.^[@ref52]^ The fact that the effect is transient and dissipation takes place will require dynamic spin transport calculations that introduce the system in a realistic way. Even at this stage, the results obtained for the spinterface properties, resulting from adsorption of chiral molecules on ferromagnets, open the possibility of using them for controlling charge injection into adsorbed chiral molecules, thereby controlling their reactivity.

Finally, the CISS effect has not yet been explored as an important aspect of coherent processes. Because of the small dimensions of chiral molecules and the long lifetime of the electron spin in such systems, chiral molecules and the CISS effect are good candidates for being components of quantum-based devices that utilize the coherent properties of the electron's spin. This field is still in its infancy, and both theoretical and experimental work will be required to realize its potential.
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